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Introduction
The increase in partial pressure of CO 2 (pCO 2 ) in the atmosphere due to anthropogenic activities is well recognized as a driver of major global changes such as the elevation of atmospheric temperature. The global mean surface air temperature is projected to increase by 1 -3.78C by the end of the century (IPCC, 2013) . Therefore, the temperature of ocean will increase by 0.6 -2.08C for the top 100 m (IPCC, 2013) . Additionally, the ocean is a major sink for atmospheric CO 2 (it absorbs 25% of the anthropogenic emissions) and thus the increase in pCO 2 in the atmosphere implies an increase in pCO 2 in surface ocean waters, that causes the "other" CO 2 problem (Doney et al., 2009) , better known as "ocean acidification".
Marine organisms can be affected by ocean acidification through (i) limitation of available carbonates, mainly affecting calcifying organisms, (ii) the increase in H + ions in the water resulting in decreasing pH, i.e. acidification of the surrounding environment, and (3) an increase in pCO 2 within their body (hypercapnia). In this context, attention should be paid to vulnerable species, which have key role(s) in the food chains, or are of high economic interest for aquaculture or fisheries.
The Pacific cupped oyster Crassostrea gigas is the most farmed oyster species in the world (FAO, 2014) , with an annual production of 0.609 million t for ca. US$ 1.3 billion (2012 data). Consequently, many researchers focused on this marine resource and recently investigated, among others, the responses of the Pacific cupped oyster to ocean acidification. Several studies assessed growth, calcification, development, and survival of oysters under realistic low pH and low carbonate concentrations conditions (for a review, see Gazeau et al., 2013) . A particular attention has been paid to the early life stages of the oyster, which are considered as the most vulnerable and thereby as a bottleneck for population dynamics (Dupont et al., 2010) . Overall, reduced shell size and thickness, developmental retardation, and increased mortality are the most common effects of elevated pCO 2 on C. gigas (e.g. Parker et al., 2010; Gazeau et al., 2011; Barton et al., 2012) . Intraspecific variations have been highlighted, and it has been suggested that some populations could be pre-adapted to ocean acidification (Parker et al., 2010 (Parker et al., , 2011 Timmins-Schiffman et al., 2013) .
The elevated pCO 2 in seawater is expected to affect the metabolism through disturbances of acid-base regulation and respiration (Pörtner et al., 2004) . It is admitted that active organisms, such as fish, cephalopods, and crustaceans, have naturally the required physiological machinery to deal with elevated extracellular pCO 2 (Melzner et al., 2009) . In contrast, sessile organisms, such as oysters, are weak acid-base regulators and, in the light of the current knowledge, tend to increase their energy demand to poorly compensate the body acidosis . This energy budget change is exacerbated when seawater temperature increases (Lannig et al., 2010) and could affect other performances such as somatic growth and survival (Beniash et al., 2010) .
Mining, fossil fuel combustion, industrial activities, and uncontrolled discharges are common sources of trace element and radionuclide releases in the environment and are major contributors to the contamination of coastal marine ecosystems over the last century. Widespread in the environment, these contaminants are accumulated in organisms, and potentially bio-magnified along the food chains (Zhou et al., 2008) . Excessive accumulation of essential (e.g. Co, Mn or Zn) or non-essential (e.g. Ag, 241 Am, Cd) elements in organisms can induce toxic effects (Rainbow, 2002) . Since bioaccumulation of metals in biota depends on (i) the bioavailability of the element determined by physicochemical conditions of the environment, (ii) the biological traits of organisms (e.g. metabolism, feeding strategy), and (iii) the element properties with respect to biological tissues (e.g. ligand affinities, biological function), it appears pertinent to investigate the effect of ocean acidification on metal bioaccumulation capacities. Indeed, pH and seawater chemistry changes caused by increased pCO 2 affect chemical speciation of metals and therefore their bioavailability to organisms (Millero et al., 2009) , especially for elements that form strong complexes with carbonates (e.g. Am- Choppin, 2006) . Furthermore, increased temperature or hypercapnia (as discussed above) can influence the bioaccumulation of metals (White and Rainbow, 1984; Houlbrèque et al., 2011) , and can thus enhance their toxicity (e.g. Pascal et al., 2010; Roberts et al., 2013) .
This study aims at assessing the bioaccumulation behaviours of radionuclides/metals in a sessile species of economic importance, the Pacific cupped oyster, C. gigas, usually cultured in coastal areas subjected to metal contamination and high pCO 2 variations (e.g. Green et al., 2009) . Radiotracer techniques were used to determine uptake and depuration parameters of six elements during experimental exposures of oysters to dissolved radiotracers ( 110m Ag, 241 Am, 109 Cd, 57 Co, 54 Mn, and 65 Zn) at three pH (7.5, 7.8, 8.1) and two temperatures (21 and 24 8 C) under controlled laboratory conditions (Warnau and Bustamante, 2007) . In vitro human digestion simulations (Versantvoort et al., 2005) were also carried out to determine the bioaccessible fraction of metals and radionuclides in oysters that would be ingested by humans (Metian et al., 2009a) .
Material and methods

Organisms, acclimation, and experimental conditions
One hundred and sixty-two adult oysters C. gigas (17.71 + 3.36 g wet wt) were purchased at the "Satmar" farm in Oleron Island, Charentes-Maritimes, France, in January 2013. At the IAEA-EL premises, the oysters were randomly distributed among six 70 l glass aquaria and acclimated for 2 weeks in 0.45 mm filtered, UV-sterilized natural seawater (aerated open circuit 70 l aquarium; seawater flux: 70 l h 21 ; salinity: 38 p.s.u.; light/dark cycle: 12/12 h). Then, the pH and the temperature were progressively modified over 1 week until targeted values (see experimental procedure below) and acclimation to these targeted conditions was allowed for at least 15 d before the radiotracers exposure. During the whole acclimation period, oysters were fed daily with a mixed algal diet composed of Isochrysis galbana and Skeletonema costatum.
The oysters were maintained under controlled temperature and pH in a crossed experimental design (temperatures × 3 pH levels). Owing to technical constraints (mainly in terms of radiotracer cost and wastewater management), only one 70 l tank could be dedicated per pCO 2 -temperature condition. To avoid other variation in other factors (e.g. light), the tanks were randomly interspersed on the bench. In addition, seawater was very frequently renewed (every 1 -2 d) and tanks were cleaned at each seawater renewal to prevent any "tank" effect due to the development of different biomasses or to the accumulation of detritus such as pseudo faeces, or bacterial proliferation, which might affect the metabolism of oysters or the bioavailability of the chemicals. The three selected pH values were 8.10 ( 400 matm), 7.80 ( 800 matm), and 7.50 ( 1800 matm) and the two temperatures were 21 and 248C in accordance with the projected values over the next two centuries (Orr et al., 2005; Solomon et al., 2007;  current condition: pH 8.1 -218C; estimated conditions by 2100: pH 7.8 -248C; estimated conditions by 2200: pH 7.5 -248C). The pH was controlled in each aquarium to within + 0.05 pH unit with a continuous pH-stat system (IKS, Aquastar # ) that bubbled pure CO 2 into the tanks that were continuously aerated with CO 2 -free air (see Lacoue-Labarthe et al., 2012) . The pH values of the pH-stat system were calibrated every week from measurements of pH on the total scale, using Tris/HCl buffer solution with a salinity of 38 p.s.u. and prepared according to Dickson et al. (2007) . The pCO 2 was determined from pH and total alkalinity using the R package seacarb (Gattuso et al., 2015) .
Radiotracer exposures
The oysters were exposed for 21 d to dissolved radiotracers: 110m . Uptake kinetics were followed during that period, after which seawater was no longer spiked to assess the metal retention capacities of the oysters.
During the exposure period, the seawater of each 70 l tank was spiked with typically 5 ml of radioactive stock solution ( 110m Ag, dissolved in 0.1 M HCl, 241 be removed from seawater medium through absorption (in organisms) or adsorption on surface (e.g. aquarium glasses). For water renewal, each tank was emptied and then, immediately slowly refilled (30 min for 60 l) with new seawater at the required temperature. The slow refill allowed for immediate regulation of the targeted pCO 2 level by the IKS system. Before renewal of the seawater, the oysters were fed with the algal diet for 30 min, after which time, the new seawater was spiked with the required volumes of the radioactive stock solutions.
Activity of the radiotracers in seawater was checked before and after each spike renewal, yielding for the time-integrated activities in seawater for the six radiotracers shown in Table 1 .
Five oysters from each aquarium were identified (tagged), weighted, and whole-body radioanalysed alive (same individuals each time) daily during the first week, and then every second day to follow the radiotracers uptake kinetics. During the counting sessions, oysters were held out of the seawater as briefly as possible (typically 10 -20 min). At the end of the 21-d exposure period, three individuals (not belonging to the tag-identified batch) from each tank were collected and dissected. Shell and all soft tissues were separated and radio-analysed to assess the distribution of radiotracers between these two compartments. The remaining exposed oysters were placed in noncontaminated conditions (open-circuit 70 l tank with same salinity, temperature, pH, and light:dark conditions as previously indicated) for 38 d. Flowing seawater was adjusted to maintain pH values as constant as possible (seawater flux: 70 l h 21 ). The five tag-identified oysters in each tank were radioanalysed every day during the first week and then every second day to follow the depuration kinetics of the radiotracers. Three individuals from each tank were collected at the end of the depuration period and dissected for radio-analysis as described above.
In vitro digestion simulation
At the end of the exposure and depuration periods, three oysters were collected in each tank to perform in vitro simulated digestion (Versantvoort et al., 2005) to assess the bioaccessible fraction of elements for human consumers of oysters. The method consists of a three-step procedure simulating quiet closely the human digestion processes. Homogenized oyster tissues were step by step exposed to artificial saliva, gastric juice and mixture of duodenal juice, bile, and NaHCO 3 (chemicals and enzymes were purchased from Sigma w ). Following the in vitro digestion, the resulting chyme was centrifuged and the radiotracers activities in supernatant, considered as the bioaccessible element fraction, were counted. The detailed procedure has been previously described by Metian et al. (2009a) .
Radioanalyses and data treatments
The radiotracers were counted using a high-resolution gspectrometry system consisting of five coaxial Germanium (N-or P-type) detectors (EGNC 33-195-R, Canberra w and Eurysis w ) connected to a multi-channel analyser and a computer equipped with a spectra analysis software (Interwinner w 6). The radioactivity of the samples (whole-body oysters, seawater, soft tissues, and supernatant and pellets) was determined by comparison with standards of known activities and appropriate geometries and was corrected for background and physical decay of the radiotracers. The counting time was adjusted to obtain a propagated counting error of ,5% (Rodriguez y Baena et al., 2006) .
The uptake of radiotracer was expressed as change in concentration factors (CF), which is the ratio between radiotracer activity in the whole-body oyster (Bq g 21 ) and the time-integrated radiotracer activity in seawater (Bq g 21 ) over time. Uptake kinetics were fitted using either a linear equation [Equation (1)] or a saturation exponential equation [Equation (2)]:
(1)
where CF t and CF ss (CF ss ¼ k u /k e ) are the concentration factors at time t (d) and at steady state, respectively, and k e and k u are the biological depuration and uptake rate constants (d 21 ), respectively (Whicker and Schultz, 1982) . Radiotracer depuration kinetics were expressed in terms of change in percentage of remaining activity (i.e. radioactivity at time t divided by the initial radioactivity measured in the individual at the beginning of the depuration period × 100) with time. The depuration kinetics were fitted by a simple exponential model [Equation (3)]:
Table 1. Carbonate system parameters during the uptake and depuration phase of the experiment on the bioaccumulation of metal and radionuclide in oyster exposed. The indicative average partial pressure of CO 2 (pCO 2 ) were calculated for a seawater salinity of 38 and a total alkalinity of 2540 mmol kg 21 average.
Element bioaccumulation in CO 2 /temperature acclimated oysters where A t and A 0 are the remaining activities at time t (d) and 0, respectively, and k e is the biological depuration rate constant (d 21 ) (Warnau et al., 1996) . The biological half-life (d) of the radiotracer can then be calculated according to the relation [Equation (4)]:
All statistics and graphics were performed using R freeware (R Core Team, 2014) . Model constants and their statistics were estimated by iterative adjustment of the models using linear and non-linear mixed effect models (lme and nlme functions from the package "nlme"; Pinheiro et al., 2014) , in which individual oyster identity had been considered a random factor. Marginal R 2 representing the variance explained by the fixed factor (i.e. time) has been applied to linear models using the r.squaredGLMM function (package "MuMIn"; Bartoń , 2014) . Comparison of uptake and elimination constant rates among the different pH/temperature conditions was performed using two-way ANOVA on k u and k e calculated for each individual oyster (the best fitting model obtained for the entire set of oysters was applied to individuals). A x 2 test was used to compare bioaccessible fractions of metals among the different oyster groups. The level of significance for statistical analyses was always set at a ¼ 0.05.
Results
During the whole experimental period (i.e. 3 and 5 weeks of uptake and depuration phase, respectively) where the oysters were exposed to six different conditions (combinations of two temperatures and three pH; see the Material and methods section), limited growth of individual (,1%) was measured, and mortality was relatively high (18.5 -29.6% according to tank), although no connection between mortality and specific exposure condition could be detected. Specific mortality of oysters with condition of exposure were the following: 18.5% for 7.5 (pH) -218C (temperature), 26% for 7.8 -218C, 26% for 8.1 -218C, 29.6% for 7.5 -248C, 18.5% for 7.8 -248C, and 26% for 8.1 -248C.
The whole-body bioaccumulation kinetics of 110m Ag, 241 Am, 109 Cd, 57 Co, 54 Mn, and 65 Zn in oysters and their respective model parameters are shown in Figure 1 and Table 2 . The uptake of all elements except 241 Am were best fitted by linear models. The actinide displayed an exponential uptake pattern, tending to reach a steady-state value ranging between 360 and 470 according to pHtemperature conditions (Table 2) after 3 weeks of exposure. At the end of the exposure period and whatever the pH/temperature conditions, the estimated uptake rate constant (k u ) allowed ranking radiotracers taken up linearly according to their bioaccumulation capacities: 110m Ag . 65 Zn . 54 Mn . 109 Cd 57 Co.
At the end of the exposure period, oysters were placed in non-contaminating conditions and depuration of radiotracers was followed for 37 d (Supplementary Figure S1) . The whole-body depuration kinetics of all elements were best fitted by a onecompartment exponential model (Table 3 ). However, it was not possible to determine accurately the depuration kinetic parameters for 109 Cd as the activity rapidly dropped below the detection limits of gamma spectrometers. All radiotracers were efficiently retained by C. gigas (T b 1 2 between 50 and .600 d). Statistical analyses carried out on individual uptake rate constants (k u ; two-way ANOVA; Table 4 ) revealed that neither pH nor temperature significantly affected the bioaccumulation of metals in oysters (uptake and depuration biokinetics) except 109 Cd and 54 Mn. The highest temperature affected Cd accumulation (Figure 1, Table 4 ), which displayed an uptake rate constant at pH 7.5 twofold higher at 248C than at 208C (23 + 1 vs. 11 + 1 d 21 , respectively; Table 4 , interactive effect pH × temperature: p , 0.1). For Mn, k u was significantly affected by an interactive effect between seawater pH and temperature, with a decreased uptake rate constant at pH 7.5 when temperature increased (27 + 1 vs. 17 + 1 d 21 at 21 and 248C, respectively; see Figure 1 and Table 4 ). Regarding the depuration rate constant of 241 Am, a significant interactive effect was observed at pH 7.8 where T b 1 2 was twofold lower at 248C than at 218C (Tukey's test; p ¼ 0.049; Table 4 ). Retention of Co and Mn tended also to decrease at the same pH when comparing warmer with colder temperatures (Table 4 ; pH × temperature; p , 0.1). Figure 1 . Crassostrea gigas. Uptake kinetics of 110m Ag, 241 Am, 109 Cd, 57 Co, 54 Mn, 65 Zn (CF) in the oysters exposed to dissolved radiotracers at three different pHs-pH 8.1, pH 7.8, and pH 7.5, and two temperatures (218C in blue and 248C in red). Points are omitted for clarity and only kinetics models are delineated along the uptake phase. Mean + s.d. of CF are plotted for the day 24 at the end of the uptake. Parameters of models and statistics are reported in Tables 2 and 4, respectively.
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M. Belivermiş et al. When looking at the distribution of the radiotracers between shells and soft tissues (Table 5) , 241 Am, 57 Co, and 54 Mn were mainly associated with the shells (.94%), whereas 109 Cd was equally distributed between the two compartments and 110m Ag and 65 Zn were mainly found in soft tissues (76-98 and 67 -92%, respectively). It is also noteworthy that 65 Zn fraction in soft tissues increased between the end of uptake period and the end of depuration period, at all pH and temperature conditions, suggesting a faster depuration of Zn associated with shells than that with soft tissues when non-contaminating conditions were restored. Neither pH nor temperature affected strongly distribution of metals and radionuclide between shells and soft tissues, except that the fraction of 110m Ag associated with soft tissues at the end of the uptake phase were lower in oysters maintained at 248C when compared with those kept at 218C (p , 0.05, Mann-Whitney U-test; Table 5 ). Finally, the radiotracer CFs reached in the oyster shells at the end of the uptake phase were not affected significantly by pCO 2 conditions ( Supplementary Table S1 ).
The in vitro digestion simulations revealed that the bioaccessible fraction of metals and radionuclide varied from 30% ( 241 Am in oyster maintained at 248C and pH 7.8) to more than 90% ( 57 Co in all oysters; Figure 2 ). Significant effects of pH were highlighted for 241 Am, 109 Cd, 54 Mn, and 65 Zn (Table 6) . For these elements, the bioaccessible fraction at the end of the uptake phase tended to increase with decreasing pH except at pH 8.1 -248C. At the end of the depuration phase, a similar trend was observed in oysters maintained at 248C, whereas a decrease in bioacessibility with decreasing pH was noted for the 218C-maintained oysters. Nevertheless, these results must be considered with caution due to the small number of oysters analysed per condition (n ¼ 3).
Discussion
Contamination of coastal waters is a worldwide concern. Ocean acidification and thus modified chemistry of seawater may change the way contaminants will interact with marine biota. For example, it affects the chemical speciation of cations, especially those that form complexes with carbonates and potentially increases their bioavailability for biota (e.g. Byrne et al., 1988) by increasing the free-ion form in acidified conditions. Among the elements considered in the present study, only 241 Am is known as being able to Table 2 . Parameters of the uptake kinetics of 110m Ag, 241 Am, 109 Cd, 57 Co, 54 Mn, 65 Zn in oysters exposed for 21 d to dissolved radiotracers under three pHs and two temperatures conditions.
Element
Temp ( Element bioaccumulation in CO 2 /temperature acclimated oysters bind to carbonates but with limited change in speciation in the tested pH range, largely dominated by hydroxyl-Am form (Choppin, 2006) . According to previous work and metal speciation model as a function of seawater pH, metals that are mainly bound to chloride (such as Ag and Cd) or those that are predominantly found in the free-ion form (e.g. Co, Mn, Zn) are not strongly affected by decreasing pH. Indeed, the free metal ion concentrations of these elements increased from only few per cent when pH decreased from 8.1 to 7.5 (Lacoue-Labarthe et al., 2009; Millero et al., 2009) . We thus assume that, for the seawater pH range tested in the context of ocean acidification, bioaccumulation would be less affected by change in metal speciation itself than by resulting change in the biological mechanisms of metal uptake and/or elimination.
In the current study, we examined the bioaccumulation patterns of six metals and one actinide in the Pacific cupped oyster C. gigas under elevated conditions of temperature and pCO 2 , using the levels projected for the end of the current century. Like other sessile invertebrates living in estuarine, intertidal, and subtidal zones, C. gigas uses to be exposed to broad ranges of pH and temperatures in their habitats, potentially leading to an adaptation to a wide range of abiotic conditions (Lannig et al., 2010) . For example, metabolic depression is an adaptive mechanism used by shelled intertidal molluscs to preserve energy during low tides. This physiological plasticity is time-limited and might not be adapted to long-term, continuous exposure to hypercapnic conditions. In the present study, the greater mortality observed at the lowest pH and highest temperature may suggest that energetic balance were pushed to the edge when both stressors were combined (Lannig et al., 2010) .
The distribution of radiotracers between soft tissues and shells was in accordance with previous studies: 241 Am, Co, Mn were mainly adsorbed on the calcareous structures, whereas Cd, Zn, and Ag fraction associated with soft tissues was gradually increasing during the depuration period (Metian et al., 2009b (Metian et al., , 2011 Hédouin et al., 2010) . CFs of 241 Am, Co, and Mn in shells at the end of the uptake phase were not significantly affected by seawater pCO 2 conditions, implying that the adsorption capacity of shells is not strongly affected by decreasing pH for these metals. This might be explained by the fact that (i) increasing protons concentration resulting from decreasing pH does not significantly compete with metallic cations for shell binding sites and/or (ii) the binding sites are not affected by hypercapnia in the conditions tested (shells of C. gigasmainly made of calcite-are considered less vulnerable to calcareous dissolution than aragonitic shells; Gazeau et al., 2007) .
The main result of our study is that no effect of increasing pCO 2 and temperature has been detected on Ag, Cd, and Zn bioaccumulation capacities in C. gigas soft tissues. Only few Table 3 . Parameters of the depuration kinetics of 110m Ag, 241 Am, 57 Co, 54 Mn, and 65 Zn in oysters previously exposed for 21 d to dissolved radiotracers under three pHs and two temperatures conditions and maintained for 37 d in non-contaminated conditions. All kinetics were best fitted by a one-compartment exponential model: A 0 , assimilation efficiency; s.e., standard error; T b 1 2 , biological half-life (d), k e , depuration rate constant; R 2 , regression coefficient. Significant differences of k e are indicated by *(p , 0.05), **(p , 0.005). Table 4 . Two-way ANOVA parameters testing the effects of three pH (7.5, 7.8, and 8.1) and two temperatures (21 and 248C) on the uptake kinetic parameters, i.e. k u (see Figure 1 and Table 1) , and on the loss kinetics parameters, i.e. k e (see Supplementary Figure S1 and Pascal et al., 2010; Ivanina et al., 2013 Ivanina et al., , 2014 Roberts et al., 2013) and contrasting responses (metal-or species-dependent) were observed. For instance, Cd accumulation was lowered in cuttlefish embryos and Cd toxicity decreased in benthic copepod with decreasing pCO 2 (Lacoue-Labarthe et al., 2009; Pascal et al., 2010) presumably due to increasing competition between metallic cations and protons for biological binding sites. Similarly, a lower Cd uptake was observed in mantle cells of clams Mercenaria mercenaria, supposedly due to a decrease in transmembrane channel activities with metabolic depression of clams in short-term hypercapnic conditions (Ivanina et al., 2013) . In contrast, we noted in this study a higher Cd uptake in C. gigas when oysters were exposed to pH 7.5 ( 1700 matm) and 248C for 3 weeks. Similar observation of enhanced Cd bioaccumulation in Crassostrea virginica maintained at pH 7.8 ( 800 matm) during 4 -5 weeks were reported by Götze et al. (2014) . The mechanistic explanation of this Cd bioaccumulation modulation remains unclear. However, it is noteworthy that, in contrast to other bivalves that maintain a comparatively constant internal pH by decreasing their metabolic rates and/or dissolving their shell (Berge et al., 2006) , C. gigas was shown to have elevated standard metabolic rate under hypercapnia when exposed to temperature stress (Lannig et al., 2010) . This is turn could increase Cd ion uptake in oyster tissues. Interestingly, it has been previously shown that the non-essential element Ag is more efficiently accumulated, up to 2.5-fold, in embryos and larvae of cuttlefish and squid when exposed to elevated pCO 2 ranged from 600 to 1500 matm (Lacoue-Labarthe et al., 2009 . This higher Ag uptake might be due to the Na mimetic properties of this element and caused by the enhanced acid-base regulation combined to the ionic regulation machinery. Indeed, the Na + /H + -exchanger, an ionic channel, is expected involved in Ag uptake (Webb and Wood, 2000; Grosell and Wood, 2001) in mobile organisms when they are exposed to environmental hypercapnia (Melzner et al., 2009; Hu et al., 2011 Hu et al., , 2014 . In oysters, no significant change of Ag uptake was observed in soft tissues as a consequence of change in seawater pCO 2 . This is congruent with the less-developed ion-exchange machinery in sessile invertebrates, and their subsequent limited ion regulation capacities (Lannig et al., 2010; Gazeau et al., 2013) . This limited physiological capacity to compensate environmental acidosis might also explain the absence of modulation of the Zn bioaccumulation in soft tissues according to pCO 2 conditions. Indeed, Zn is a co-factor of the carbonic anhydrase (CA) that catalyses the conversion of CO 2 to bicarbonate and vice versa, and that is involved in the acid-base regulation and calcification in shelled mollusc (Gazeau et al., 2013) . Beniash et al. (2010) have reported an increase in CA expression levels in the mantle of C. virginica exposed to 3500 matm, but the latter partial pressure was much higher than those tested in the present study.
Oysters are a very important marine resource and constitute a major source of animal protein for humans. They are also rich in essential elements such as Fe and Zn (Tacon and Metian, 2013) . Preliminary experiments were carried out to determine whether Table 5 . 54 Mn, 57 Co, 65 Zn, 110m Ag, 109 Cd, and 241 Am distribution (%; mean + s.d.) among soft tissue and shell of oysters exposed for 21 d of the uptake (n ¼ 3) and 37 d of depuration phase (n ¼ 5) to dissolved radiotracers at three different pH and two temperatures. Element bioaccumulation in CO 2 /temperature acclimated oysters lower pH and higher temperatures may affect metal and radionuclide bioaccessibilty to human consumers. Results indicated that 241 Am, Mn, and Zn bioaccessibility tended to be enhanced when oysters were exposed to high temperature and lower pH.
Although these results have to be considered with caution, they raise the question of the possible impact of environmental hypercapnia on metal detoxification mechanisms in oysters and subsequent subcellular storage of elements. Oysters are well known to accumulate efficiently trace elements such as Zn in soft tissues in the form of metabolically inert, metal-rich granules (e.g. Wallace and Luoma, 2003) . These Mg/Ca carbonate granules are known to have the physiological role of buffering the extracellular pH (Viarengo and Nott, 1993) and might thus be easily dissolved when oysters are experiencing hypercapnia. In this context, the increased seawater pCO 2 is susceptible to affect the metal detoxification strategies and thus the trophically available fraction (Wallace and Luoma, 2003) that drives the bioaccessibility and transfer of metals to higher trophic levels. Finally, the present study brought new data on the potential impact of ocean acidification on metal accumulation in a marine resource of high economic importance and raised the question of the seafood safety that could be worsen by future ocean conditions. Despite the limited number of oysters, the experimentaldesign offered enough statistical power (with power ¼90%, n ¼ 5, standard deviation ¼ s.d. max in Table 2 ) to detect a putative twofold Ag uptake increase and a threefold Cd uptake decrease and corroborate previous observations made in active (mobile) organisms (Lacoue-labarthe et al., 2009 (Lacoue-labarthe et al., , 2011 . We therefore assume that our results bring a new insight on the potential effect of environmental factors such as combined pCO 2 and temperature on the transfer and integration of metals in coastal organisms.
However, our experimental approach (oysters were acclimated to temperature and pCO 2 conditions for 2 weeks before the experiments) implies that the responses observed with respect to metal accumulation efficiency reflected oyster physiological acclimation performances. They are therefore relevant to a coastal or estuarine context where high and short-term variations of these factors do occur (Melzner et al., 2013) . Hence, our results do not allow figuring out what could be the impact of ocean acidification and warming over longer time-scale, during which adaptation processes will set up. Further studies should be carried out to highlight finer modulations of metal uptake at tissue and subcellular levels, taking into account the high variability of responses between oyster populations (Parker et al., 2011) , and the adaptive capacities of organisms facing long-term major changes. Element bioaccumulation in CO 2 /temperature acclimated oysters
